• Premise of the study: The pantropical, species-rich Psychotrieae and Palicoureeae are sister tribes of mostly drupe-bearing and nonbacterial leaf-nodulating species with problematic generic limits. This problem is more complicated in Psychotrieae due to the paraphyly of the genus Psychotria , the lack of diagnostic characters for some major lineages, and the poor sampling from some biodiversity hotspots. Schizocarps and bacterial leaf nodules have been used for recognizing formal groups in Psychotrieae, but their evolution and taxonomic value have not been studied using a robust phylogeny of the tribe.
• Methods: We analyzed 287 samples from the entire ranges of the tribes, with particular emphasis on the Western Indian Ocean region, with the Bayesian Markov chain Monte Carlo method.
• Key results: All allied Psychotria genera investigated are nested within a paraphyletic Psychotria . Schizocarps evolved independently two times within Psychotria , and one reversal back to the drupaceous condition is inferred. The Malagasy leafnodulated Psychotrieae (except Apomuria bullata ) and the Comorian non-leaf-nodulated Psychotria conocarpa are nested within the (African) leaf-nodulated clade. Within Palicoureeae , Chassalia is paraphyletic with respect to Geophila sensu stricto, and the Malagasy Geophila gerrardii and the African Hymenocoleus are closely related.
• Conclusions: A widely circumscribed Psychotria encompassing the entire Psychotrieae is supported. Within Psychotria , two separate origins of schizocarps from drupes, one reversal back to the drupaceous condition, and two independent origins of the Malagasy leafnodulated species are inferred. A new genus Puffi a is described to accommodate Geophila gerrardii , and a narrow circumscription of Chassalia is adopted. Thirty-two new combinations, two lectotypifi cations, and 25 new names are presented. July 2014] coats, with an ethanol-soluble red pigment vs. without, respectively; and their drying color, characteristically brown to gray vs. green, respectively ( Robbrecht and Manen, 2006 ) . In addition to these morphological differences, Palicoureeae are apparently characterized biochemically by the presence of cyclotides. These are proteins known to have a wide range of biological activities, and although sampling so far has been limited, these cyclotides have not been found in Psychotrieae ( Koehbach et al., 2013 ) . Psychotrieae (sister to Palicoureeae) are mainly centered in the paleotropics and include at least 1600 species. The tribe is well delimited (e.g., Andersson, 2002b ; Robbrecht and Manen, 2006 ; , but its generic limits remain unsettled. Some of the genera currently recognized, in particular Amaracarpus Blume, Calycosia A.Gray, Dolianthus C.H.Wright, Hedstromia A.C.Sm., and Hydnophytum Jack (and its closely related genera), have been shown to be nested within Psychotria L. Andersson, 2002b ; Robbrecht and Manen, 2006 ; Bremer and Eriksson, 2009 ; Barrabé et al., 2014 ) , rendering the latter genus paraphyletic. Many lineages have been identifi ed within Psychotrieae Andersson, 2002b ; Barrabé et al., 2014 ) , but the lack of diagnostic characters or geographic separation for most of these groups is problematic. Furthermore, representatives of Psychotrieae from some of the world's biodiversity hotspots ( Davis et al., 2009 ) , in particular Madagascar and its surrounding archipelagoes and the Indian subcontinent (from Afghanistan through India to Myanmar and Sri Lanka), have been sampled poorly, or not at all, in previous molecular phylogenetic studies. The relationships of these species are therefore unknown, and previous sampling of Psychotria is clearly inadequate to support conclusions about the whole genus.
Beside the paraphyly of Psychotria , there is also controversy about whether the genus should be circumscribed in a narrow ( Andersson, 2002b ) or broad sense (e.g., Nepokroeff et al., 1999 ; Robbrecht and Manen, 2006 ) . Many rubiaceous genera, including Camptopus Hook.f., Grumilea Gaertn., and Mapouria Aubl., have long been considered synonyms of Psychotria , and these taxonomic decisions have been supported by molecular data (e.g., Nepokroeff et al., 1999 ; Andersson, 2002b ; Barrabé et al., 2014 ) . On the other hand, the types of Camptopus ( Camptopus mannii Hook.f., now Psychotria camptopus Verdc.) and Grumilea [ Grumilea nigra Gaertn., now Psychotria nigra (Gaertn.) Alston] have not previously been included in molecular phylogenetic studies of Psychotrieae. Furthermore, the identity of the type of Psychotria was controversial, because Linnaeus' (1759) description of his Psychotria asiatica L. was based on a mixture of two elements belonging to the Jamaican genus Psychotrophum P. Browne ( Browne, 1756 ) (now Psychotria brownei Spreng.) and the Asian P. asiatica (e.g., Bremekamp, 1961 ; Petit, 1964 ; Davis et al., 2001 ) . Petit (1964) clarifi ed that P. asiatica is the type of Psychotria by designating the specimen Herb. Linn. No. 231.1 (LINN) as the lectotype of Psychotria . Davis et al. (2001) resolved the problem of the heterogeneous elements in P. asiatica by lectotypifying it on the Asian element (see Davis et al., 2001 for more details). The name Psychotria was conserved against the generic names Psychotrophum and Myrstiphyllum P. Browne ( Browne, 1756 ) .
Palicoureeae, as delimited by Robbrecht and Manen (2006) , have its center of diversity in the neotropics and include at least 1500 species currently classifi ed in eight genera: the neotropical attracts different animal dispersers ( Herrera, 1989 ) . On the other hand, relationships between most members of these tribes are still unknown partly due to the poor or lack of sampling from some biodiversity hotspots. Schizocarpous fruits and bacterial nodules have been used for recognizing formal groups in the mostly drupe-bearing and non-leaf-nodulated Psychotrieae. However, the evolution and taxonomic value of these characters have not been addressed based on a broadened sampling of the tribe. This study presents a robust phylogenetic framework for establishing new generic circumscriptions of the sister tribes. It allows us to have a better understanding of the evolution of schizocarpous fruits from fl eshy, drupaceous fruits (or vice versa) and also sheds light on the origins of bacterial leaf nodules of the Malagasy Psychotria species.
Earlier circumscriptions of Psychotrieae were all mainly based on morphological characters ( Hooker, 1873 ; Müller, 1881 ; Schumann, 1891 ; Verdcourt, 1958 ; Petit, 1964 Petit, , 1966 Bremekamp, 1934 Bremekamp, , 1966 Steyermark, 1972 ; Robbrecht, 1988 ; Taylor, 1996 ) ; however, none of these circumscriptions are supported as monophyletic by molecular data ( Andersson and Rova, 1999 ; Bremer and Manen, 2000 ; Robbrecht and Manen, 2006 ; Bremer and Eriksson, 2009 ; Barrabé et al., 2014 ) . The tribe has generally been characterized within Rubiaceae by the presence of raphides in tissues; usually bilobed stipules; corolla lobes valvate in bud; ovules that are solitary, anatropous, and basal in each locule; and fl eshy, drupaceous fruits with each of the pyrenes being 1-seeded. Recently, Psychotrieae have been more narrowly delimited because a number of genera traditionally associated with the tribe, mainly because of their fl eshy drupaceous fruits, have been found to be more closely related to genera of other tribes in Rubioideae. As a result, many genera have been excluded from Psychotrieae: Lasianthus Jack, Ronabea Aubl., and their allied genera with more than seven locules were transferred to the tribe Lasiantheae Bremer & Manen ( Bremer and Manen, 2000 ; Taylor, 2004 ) ; Damnacanthus F.C.Gaertn. and Mitchella L. with campylotropous ovules to Mitchelleae ; Morinda L. and its allied genera with two ovules in each locule and mostly multiple fruits to Morindeae ( Bremer and Manen, 2000 ; Razafimandimbison et al., 2009 ) ; Colletoecema E.M.A.Petit with axillary inflorescences to Colletoecemateae Rydin & B.Bremer ( Rydin et al., 2008 ) ; and Gaetrnera Lam. and Pagamea Aubl. with inferior ovaries to Gaertnereae ( Bremer and Manen, 2000 ) . The transfer of these genera reduced the variation in the morphological characters of Psychotrieae, leaving a clade that is well supported by molecular data (e.g., Robbrecht and Manen, 2006 ; Bremer and Eriksson, 2009 ). Molecular phylogenetic analyses have generally resolved the members of this recircumscribed Psychotrieae into two species-rich sister lineages, both morphologically distinct and with pantropical distributions (e.g., Andersson and Rova, 1999 ; Nepokroeff et al., 1999 ; Robbrecht and Manen, 2006 ) . These groups have informally been called the Psychotria complex or group and the Palicourea complex or group ( Andersson and Rova, 1999 ; Nepokroeff et al., 1999; Andersson, 2002a ) and formally treated as the tribes Psychotrieae and Palicoureeae ( Robbrecht and Manen, 2006 ) , respectively. When Palicoureeae is separated ( Robbrecht and Manen, 2006 ) , its sister tribe has sometimes been called Psychotrieae sensu stricto . These sister tribes differ generally in their stipules, which are characteristically deciduous in Psychotrieae and persistent or marcescent in Palicoureeae; their pyrenes, entire vs. with various preformed germination slits (PGS), respectively; their seed [Vol. 101 the abaxial side deeply ridged and thin to winged margins as opposed to planoconvex to ellipsoid mericarps with the abaxial side weakly to markedly ridged and nonwinged margins in Cremocarpon ( Bremekamp, 1958 ) . The generic status of all these genera has been questioned by some authors (e.g., Piesschaert, 2001 ; Schatz, 2001 ; Davis et al., 2007 ) , as they appear to fall within Psychotria 's limits based on their general morphology. Before this study less than 1% of Psychotrieae and Palicoureeae species from Madagascar had been included in previous molecular systematic studies (e.g., Andersson, 2002b ; Lemaire et al., 2011 Lemaire et al., , 2012a , and no species from the neighboring islands had been sequenced.
More variation than recognized by Bremekamp (1958 Bremekamp ( , 1963 in fruit characters has now been documented in Rubiaceae, in particular within the lineages and individual species of Psychotrieae ( Piesschaert, 2001 ) and Palicoureeae ( Piesschaert et al., 1998 ; Piesschaert, 2001 ; Taylor and Gereau, 2013 ) . Schizocarps have evolved independently numerous times in different lineages of the angiosperms, e.g., Apiaceae, Araliaceae, Rosaceae, Rubiaceae. This type of dry fruit is presently known to occur in seven distantly related tribes of Rubiaceae: Naucleeae ( Cephalanthus L., Razafimandimbison and Bremer, 2002 ) ; Sabiceeae ( Hekistocarpa Hook.f., Khan et al., 2008 ) ; Trailliaedoceae ( Trailliaedoxa W.W.Sm. & Forrest, Kainulainen et al., 2013 ) ; Knoxieae ( Knoxia L., Kårehed and Bremer, 2007 ) ; Psychotrieae ( Cremocarpon , Pyragra , Psychotria , Bremekamp, 1958 ; Barrabé et al., 2014 ) ; Rubieae ( Galium L., Soza and Olmstead, 2010 ) ; and Spermacoceae [ Diodella Small, Richardia Kunth., Diplophragma (Wight & Arn.) Meisn, Wikström et al., 2013 ] . This repeated pattern indicates multiple origins of schizocarpous fruits within the family. The occurrence of schizocarpous fruits within the mostly drupe-bearing Psychotrieae is interesting from an evolutionary standpoint. It has been shown by Andersson (2002b) and more recently by Barrabé et al. (2014) that the New Caledonian Cremocarpon rupicolum Baill. belongs in Psychotria (= Psychotria rupicola (Baill.)Schltr.) and that it is closely related to the New Caledonian Psychotria comptonii S.Moore and P. declieuxioides S.Moore ( Barrabé et al., 2014 ) . These latter species also have schizocarpous fruits but have consistently been classifi ed in Psychotria . These fi ndings imply that the generic status of Cremocarpon and Pyragra, which have been based on this fruit character ( Bremekamp, 1958 ( Bremekamp, , 1963 , needs a re-evalution. Schatz (2001 , p. 338 ) recognized a broadly delimited Psychotria (including Cremocarpon and Pyragra ), and argued that "…it might be more reasonable to accept the phenomenon of pyrenes drying and falling away separately as a secondary fruiting characteristic within Psychotria ." In other words, he considered Cremocarpon and Pyragra to be Psychotria with secondarily dehiscent fruits, in which initially fl eshy drupaceous fruits ultimately dry out when they are fully mature. This hypothesis, if correct, would imply that the schizocarpous fruits of these genera have evolved from ancestors with fl eshy, drupaceous fruits.
A distinctive character that has not always been considered synapomorphic in Psychotria is the presence of bacterial leaf nodules (e.g., Hiern, 1877 ; Bremekamp, 1963 ) . Bacterial symbiosis in the form of leaf nodules has been recorded in about 500 species of Rubiaceae and in the family Primulaceae ( Miller, 1990 ) . The symbionts are known to play an important role for the survival of their plant hosts (e.g., Lemaire et al., 2011 Lemaire et al., , 2012a . Within Rubiaceae, all leaf-nodulated species belong to Psychotria and Apomuria (Psychotrieae) and the genera genus Carapichea Aubl. with 23 species ( Andersson, 2002a ; Taylor and Gereau, 2013 ) ; the neotropical Notopleura (Hook.f.) Bremek. with ca. 210 species (e.g., Taylor, 2001 ) ; the neotropical Palicourea Aubl., which includes many of the species of Psychotria subgenus Heteropsychotria Steyerm. and Cephaelis Sw., with ca. 800 species (e.g., Taylor et al., 2010 ) ; the neotropical Rudgea Salisb. with at least 200 species; the paleotropical Chassalia Comm. ex Poir. with ca. 140 species ( Bremekamp, 1962 ; Verdcourt, 1976 Verdcourt, , 1983 Piesschaert et al., 1999a , b ; Lachenaud and Harris, 2010 ; Lachenaud et al., 2012 ; Govaerts et al., 2013 ) ; the African Hymenocoleus Robbr. with 13 species ( Robbrecht, 1975 ( Robbrecht, , 1977 ; the pantropical Geophila D.Don with about 24 species (e.g., Bremekamp, 1963 ; Burger and Taylor, 1993 ; Dessein et al., 2011 ) ; and the pantropical Margaritopsis C.Wright (including the neotropical Chytropsia Bremek., the African Chazaliella E.M.A.Petit & Verdc., and the Fijian Readea Gillepsie) with about 80 species ( Andersson, 2002a ; Taylor, 2005 ; . Palicoureeae sensu Robbrecht and Manen (2006) were supported by based on sequence data from five gene regions. That study mainly addressed the status of Margaritopsis and produced a fully resolved and well-supported phylogeny of the tribe, with the exception of a poorly supported sister-group relationship between Carapichea and Margaritopsis. The genus Chassalia was supported as monophyletic. However, their sampling was not consistently deep across the tribe, and the monophyly of the Palicoureeae genera has yet to be tested with a broadened sampling of the tribe.
The Indian Ocean region encompasses many islands of various sizes and ages, with extraordinary levels of diversity and endemism of plants and animals (e.g., Agnarsson and Kuntner, 2012 ) . Madagascar and the nearby Comore, Mascarene, and Seychelle archipelagoes are situated in the Western Indian Ocean region (WIOR), where Psychotrieae have twice as many species ( Bremekamp, 1963 ; Friedmann, 1994 ) than Palicoureeae (represented by Chassalia with 68 species [ Bremekamp, 1962 ; Verdcourt, 1983 Verdcourt, , 1989 and Geophila with two species [ Bremekamp, 1963 ] ). There are about 157 described species (mostly Malagasy endemics) of Psychotrieae in the WIOR, and these species have been classifi ed in seven genera ( Bremekamp, 1958 ( Bremekamp, , 1960 ( Bremekamp, , 1963 Verdcourt, 1983 Verdcourt, , 1989 Friedmann, 1994 ; Davis et al., 2007 ) ( Bremekamp, 1963 ) . Psathura is distinct by its ovaries and fruits with three to six locules and pyrenes ( Bremekamp, 1963 ; Verdcourt, 1983 Verdcourt, , 1989 Friedmann, 1994 ) . Cremocarpon and Pyragra differ from the other genera in the WIOR by their dry, schizocarpous fruits. Each schizocarp is formed by two mericarps, that disperse separately along with their covering mesocarps and endocarps, leaving behind a Y-shaped carpophore that becomes hardened and supports the mericarps from their adaxial surfaces. Pyragra is diagnosed by its markedly fl atttened mericarps with DNA extraction, amplifi cation, and sequencing -We used sequence data from the nuclear ribosomal nrETS and nrITS regions and the plastid atpB-rbcL , ndhF , rbcL , rps16 , and trnT-F regions, as they were proven to be useful for inferring phylogenetic relationships within the Psychotrieae alliance . Total DNA, extracted from leaves dried in silica gel ( Chase and Hills, 1991 ) and/or herbarium material, was isolated following the mini-prep procedure outlined in Saghai-Maroof et al. (1984) and modifi ed by Doyle and Doyle (1987) . Isolated DNA was amplifi ed and sequenced following the protocols outlined in the following articles: Razafi mandimbison et al. (2009) Rydin et al. (2008) for atpB-rbcL , Oxelman et al. (1997) for rps16 , Olmstead and Reeves (1995) for ndhF , Bremer et al. (1995) for rbcL , and Razafi mandimbison and for trnT-F . The same primers as for PCRs were used for sequencing reactions, which were sent to the Macrogen Europe (Amsterdam, Netherlands) for sequencing.
Phylogenetic analyses -Sequence data were assembled using the Staden package v. 2.0.0b9 ( Staden, 1996 ) . For each marker, all newly generated sequences and published ones from GenBank were aligned with the computer program MUSCLE v.3.8.31 ( Edgar, 2004 ) . Manual adjustments were done following similarity criterion ( Simmons, 2004 ) using the software SeAl v. 2.0 ( Rambaut, 1996 ) for the atpB-rpcL , rps16 , and trnT-F matrices. In all alignments, gaps were treated as missing data, and the aligned matrices were analyzed using Bayesian Markov chain Monte Carlo (MCMC) methods. Inferred indels/deletions were not coded as separate characters, and sites considered ambigously aligned in the rps16 and trnT-F regions were excluded from the analyses.
We performed separate and combined Bayesian MCMC analyses ( Yang and Rannala, 1997 ) of the data sets using MrBayes 3.1.2 ( Huelsenbeck and Ronquist, 2001 ; Ronquist and Huelsenbeck, 2003 ) . The combined plastid and nuclear matrix is available as supplemental data (Appendix S1, see Supplemental Data with the online version of this article). The best-fi t nucleotide substitution models for each data set, the combined nuclear (nrETS+nrITS), the combined coding plastid ( ndhF + rbcL ), and the combined noncoding plastid ( atpB -rbc L + rps16 + trnT-F ) data, were selected using the computer program MrAIC v. 1.4.4. ( Nylander, 2004 ) . We estimated the best performing evolutionary models under three different model selection criteria: Akaike information criterion (AIC) ( Akaike, 1973 ) , AICc (a second order AIC, necessary for small samples), and the Bayesian information criterion (BIC) ( Schwarz, 1978 ) . We performed two parallel runs of the Bayesian MCMC analyses of each data set and the combined nuclear and plastid data sets with six independent Markov chain runs (only four chains for the separate Bayesian MCMC analyses) for 20 × 10 6 Metropolis-coupled MCMC generations (only 5 × 10 6 generations for the separate Bayesian MCMC analyses), with tree sampling every 1 × 10 3 generations, and the temperature coeffi cient of the chain-heating scheme set to 0.20. For the combined Bayesian MCMC analysis, we divided the aligned sequence data from the seven markers in three partitions; therefore, we applied the GTR+G+I model to the combined coding plastid and the combined noncoding plastid data and the SYM+G+I model to the combined nuclear data. For all analyses, we checked stationary and convergence of runs and the correlation of split frequencies between the runs using the program AWTY ( Nylander et al., 2008 ) . The effective sample size (ESS) of parameters was also monitored using the program Tracer v. 1.5.0 ( Rambaut and Drummond, 2009 ) . Trees sampled before the Bayesian posterior probability (BPP) of splits stabilized were excluded as a burn-in phase. All saved trees from the two independent runs were subsequently pooled for a consensus tree.
Ancestral state reconstruction -We reconstructed ancestral character states for the fruit types of Palicoureeae and Psychotrieae, which were coded as follows: fl eshy, drupaceous fruits = 0 and schizocarpous fruits = 1. One thousand trees were randomly selected from postburn-in trees produced from the two parallel runs of the MrBayes analysis based on the combined nuclear and plastid data. Ancestral reconstruction states of the fruit types across these trees were inferred using the maximum likelihood Mk1 model (with equal probability of change between states), as implemented in the computer program Mesquite v2.74 ( Maddison and Maddison, 2010 ) . Results were subsequently plotted on the 50% Bayesian majority rule consensus tree generated from the combined data.
RESULTS
Information about all sequence data from the seven markers is summarized in Table 1 . A total of 596 base pairs (bp) from the rps16 and trnT-F data sets were excluded, as they were Pavetta L. (tribe Pavetteeae) and Sericanthe Robbr. (tribe Coffeeae), both in the subfamily Ixoroideae (now Dialypetalanthoideae, Reveal, 2012 ) ( Robbrecht, 1988 ; Lemaire et al., 2011 Lemaire et al., , 2012a . The leaf-nodulated species of Rubiaceae are solely found in tropical Africa and the WIOR, with those of Psychotria (about 80 species, Lemaire et al., 2012b ) distributed in tropical Africa, the Comores, and Madagascar ( Bremekamp, 1960 , 1963 ; Petit, 1964 ; Verdcourt, 1975 Verdcourt, , 1976 . The bacterial nodules of the African and Comorian species are small and round to linear ( Petit, 1964 ) , while those of the species found in Madagascar vary from small and round to variously linear, branched, and/or reticulated ( Bremekamp, 1960 ) . Bremekamp (1960) studied a morphologically similar group of the leafnodulated Malagasy Psychotria species and postulated that these might represent a different genus, but never proposed a formal name for this group. Later, Bremekamp (1963) explicitly included an East African-Comorian leaf-nodulated species in Apomuria , A. punctata (Vatke) Bremek., and also added there a Malagasy leaf-nodulated species, A. bullata Bremek., though without noting its leaf nodules. Subsequently, Petit (1964) considered these leaf nodules an evolutionarily important character. The leaf-nodulated Psychotria species from continental Africa were then separated taxonomically in Psychotria subgenus Tetramerae (Hiern) E.M.A.Petit, without mention of the leaf-nodulated species from other areas ( Psychotria subg. Tetramerae was based on Psychotria sect. Tetramerae Hiern, which was diagnosed by its four-merous fl owers and included species both with and without bacterial nodules, while some species with bacterial nodules were classifi ed by Hiern [1877] in other sections). The leaf-nodulated Psychotrieae species found in Madagascar are endemic to the island, and their placements in two different genera, Apomuria and Psychotria ( Bremekamp, 1963 ) , imply two independent origins of the Malagasy leafnodulated Psychotrieae .
The objectives of this study are to produce an expanded, more robust phylogeny of the sister tribes Psychotrieae and Palicoureeae, and use this phylogeny to (1) test the generic status of the WIOR genera of Psychotrieae and re-assess the delimitation of Psychotria ; (2) re-evaluate the generic limits and relationships within Palicoureeae, in particular Chassalia, Geophila , and Margaritopsis ; (3) trace the evolution of schizocarpous fruits within Psychotria and evaluate its taxonomic value; and (4) test whether the Malagasy leaf-nodulated species of Psychotria and Apomuria evolved independently from their African counterparts.
MATERIALS AND METHODS
Taxon sampling -The present study included a total of 287 samples (see Appendix 1), of which 156 represent 135 species from Psychotrieae and 118 represent 107 species and eight genera from Palicoureeae. Taxa were selected to obtain a broad sampling of putative members of the two tribes across their respective geographic ranges, with particular emphasis on the WIOR. In total, we investigated about 105 species of the Psychotrieae and Palicoureeae genera found in the WIOR. The types of Camptopus ( C. mannii = Psychotria camptopus ) and Grumilea ( G. nigra = Psychotria nigra ) were also included. For Palicoureeae, 65 species of Chassalia (about 36 species from Madagascar, about 13 species from Africa, about 10 species from Asia, all the six species from Mauritius (including the type Chassalia capitata DC.), two species each from Reunion Island and the Comores), and seven species of Geophila (including the Malagasy Geophila gerrardii Baker) were sequenced. Eleven species from the remaining tribes of the Psychotrieae alliance were sampled, and two species from the Rubioideae tribes Colletoecemeae and Ophiorrhizeae were used as outgroup taxa to root the trees. Fig. 2A ) comprises all sequenced species of Calycosia , Hydnophytum , Myrmecodia , Dolianthus , and Amaracarpus , one Psychotria species from Caroline Island, and two Psychotria species from New Guinea. All sampled Sri Lankan and Indian species of Psychotria are grouped together in the Indian-Sri Lankan Psychotria clade ( Fig. 2B ). The WIOR Psychotria clade is resolved in three major groups ( Fig. 2C ): the Cremocarpon clade formed by the two recognized species of Pyragra and six sampled species of Cremocarpon, including the type C. boivinianum Baill. from the Comores (BPP = 0.88); a group comprising three samples of the Malagasy Cremocarpon lantzii (BPP = 1); and a large clade formed by species of Psychotria from Madagascar, the Comores, and the Seychelles, the leaf-nodulated Apomuria bullata , and the sampled species of Psathura , and Trigonopyren (BPP = 1). Within this large clade, Trigonopyren , represented by three species, is resolved as monophyletic, while Psathura , represented by six species, is not monophyletic. The Mascarene species of Psathura form a wellsupported clade, and the three Psychotria species from the Seychelles constitute another highly supported clade ( Fig. 2C ) .
Finally, all sequenced Malagasy and Comorian species of Psychotrieae are resolved in three distinct clades: the WIOR Psychotria clade ( Fig. 2C ) , the Afro-WIOR Psychotria clade ( Fig. 2F ) , and the Afro-Asian-WIOR-neotropical Psychotria clade ( Fig. 2G ) . In contrast, all the species of Psychotrieae sampled from the Mascarenes and Seychelles are nested in the WIOR Psychotria clade ( Fig. 2C ). The Psychotrieae species from the neighboring islands of Madagascar (Comores, Mascarenes, and Seychelles) are closely related to their Malagasy counterparts. The only exceptions are the leaf-nodulated Apomuria punctata and the non-leaf-nodulated Psychotria conocarpa Bremek. from the Comores, which are nested within a well-supported African subclade ( Psychotria leucopoda to Apomuria punctata -ai74, BPP = 1) of the Afro-WIOR Psychotria clade ( Fig. 2F ) .
Palicourea sensu lato (BPP = 1), the Notopleura-Rudgea clade (BPP = 1), Carapichea (BPP =1), and Margaritopsis ambiguously aligned. The 50% Bayesian majority rule consensus trees generated from the separate Bayesian MCMC analyses of the seven data sets are presented as supplemental data (Appendices S2-S8, see online Supplemental Data). All plastid data sets resolve Psychotrieae and Palicoureae sensu Robbrecht and Manen (2006) as sisters (Appendices S2, S5-S8); however, Palicoureeae and the sister-group relationship between the two tribes collapse in both the ETS and ITS trees (Appendices S3, S4). A poorly supported clade formed by Rudgea and Palicourea sensu lato (BPP = 0.73) is sister to a poorly supported clade containing Psychotrieae and the remaining Palicoureeae (BPP = 0.8). In the ITS tree, Rudgea and the poorly supported clade formed by Carapichea and Palicourea sensu lato (BPP = 0.71) constitute a moderately supported clade with the strongly supported Psychotrieae (BPP = 0.87). We attribute these differences to the inability of the fast-evolving ETS and ITS regions to resolve deep nodes. Within Psychotrieae and Palicoureeae, the rps16 , and trnT-F trees (Appendices S7, S8) are less resolved compared with the atpB-rbcL and rbcL trees (Appendices S2, S6). These latter two trees are in turn less resolved than the ndhF tree (Appendix S4). Both ETS and ITS data (Appendices S3, S4) provide a good resolution within Psychotrieae. Visual inspection of the seven trees (Appendices S2-S8) shows no strongly supported topological confl icts between them; accordingly, we merge the sequence data of these markers into a large combined matrix, which contains a total of 287 samples, 10 650 bp, and 1667 sequences. Of these, 1381 (82.84%) are new sequences published here (KJ804402-KJ805782, Appendix 1).
A simplifi ed Bayesian majority rule consensus tree generated from the combined nuclear and plastid data are depicted in Fig. 1 , while the phylogenies of the tribes Psychotrieae and Palicoureeae from the same Bayesian tree are presented in Figs. 2 and 3 , respectively. Within Psychotrieae, all allied genera of Psychotria investigated in this study (i.e., Amaracarpus , Calycosia , Dolianthus , Hydnophytum , and its satellite genera, Camptopus , represented by the type Camptopus mannii [= Psychotria camptopus , Fig. 2 ] , Grumilea , including the type G. nigra [= Psychotria nigra , Fig. 2B ], Mapouria , including the type M. guianensis Aubl. [= Psychotria mapourioides DC., Fig. 2G ], and the WIOR genera Apomuria , Cremocarpon , Psathura , Pyragra , and Trigonopyren ]) are nested within what would be a broadly defi ned Psychotria. In other words, Psychotria is highly paraphyletic if these genera are accepted ( Fig. 2 ) . This widely delimited Psychotria is resolved in seven highly major lineages Figs Fig. 3 ), receives high support and is resolved as sister to a large clade formed by Hymenocoleus , Geophila gerrardii , and Chassalia sensu lato ( Fig. 3 ) . The African Chazaliella is paraphyletic with respect to Margaritopsis . Geophila is not resolved as monophyletic, as the endemic Malagasy species G. gerrardii forms a strongly supported clade (BPP = 1) with the African genus Hymenocoleus , Fig. 1 . A simplifi ed Bayesian majority rule consensus tree of 287 samples from the sister tribes Palicoureeae and Psychotrieae based on combined data (without indels treated as missing data and all ambiguous sites from the rps16 and trnT-F data excluded) from fi ve plastid ( atpB-rbcL , ndhF , rbcL , rps16 , and trnT-F ) and two nuclear (nrETS and nrITS) gene regions, depicting the major lineages of the two tribes. COL = Colletoecemeae; CRA = Craterispermeae; GAE = Gaertnereae; MIT = Mitchelleae; MOR = Morindeae; OPH = Ophiorrhizeae; PRI = Prismatomerideae; SCHI = Schizocoleeae; SCHR = Schradereae. included in his study, and the phylogenetic position of Cremocarpon within his Psychotria was unresolved.
Our analyses confi rm the paraphyly of Psychotria , because the genera Amaracarpus , Calycosia , Camptopus , represented by its type C. mannii (= P. camptopus ), Dolianthus , Hydnophytum , Grumilea Gaertn., represented by the type G. nigra (= Psychotria nigra ), Mapouria , and all the WIOR genera ( Apomuria , Cremocarpon , Psathura , Pyragra , and Trigonopyren ) are nested within a broadly defi ned Psychotria . Apomuria , Cremocarpon , and Psathura are found here to be para-or polyphyletic, which implies that the fruit, pyrene, and seed characters used by Bremekamp (1958 Bremekamp ( , 1963 to circumscribe these genera are homoplasious. Amaracarpus , Pyragra , and Trigonopyren appear to be monophyletic; however, they are deeply nested within Psychotria . Our fi ndings support the decision of Schatz (2001) and Andersson (2002b) to merge Apomuria , Cremocarpon , Pyragra , and Trigonopyren into Psychotria. Psathura was not investigated by Andersson (2002b) ; however, our analyses and that of Barrabé et al. (2014) support its inclusion in Psychotria as well. The results of the present study, coupled with that of Nepokroeff et al. (1999) , Schatz (2001) , Andersson (2002b) , and Barrabé et al. (2014) , support a broad circumscription of Psychotria , which includes all of its allied genera and thus comprises the entire tribe Psychotrieae. The members of the WIOR genera have not been formally transferred to Psychotria ; therefore, the transfer of these species is done here. Andersson's (2002b) decision to keep the generic status of Amaracarpus , Calycosia , Dolianthus , Hedstromia , and Hydnophytum and its satellite genera received no support from Barrabé et al. (2014) or this present study, because it does not render Psychotria monophyletic. Psychotria as broadly defi ned in this study contains at least 1600 described species and numerous additional undescribed ones.
Psychotria could also be rendered monophyletic by restricting it to include solely the members of the Afro-Asian-WIORneotropical Psychotria clade ( Figs. 1G -2G) , to which the type P. asiatica belongs ( Davis et al., 2001 ) , and recognizing each of the other six major lineages ( Figs. 1A-F ( Figs. 1G -2G ). Three new generic names would have to be described to accommodate the members of the Australasian Psychotria clade ( Figs. 1D -2D ), the Afroneotropical Psychotria clade ( Figs. 1E -2E) , and the Afro-WIOR Psychotria clade (= the leaf-nodulated Psychotria clade, Figs. 1F -2F ). We are not in favor of this alternative, because fi nding characters to circumscribe some of the major lineages is very diffi cult, and dividing this large genus into multiple, also large genera would cause tremendous nomenclatural instability. Furthermore, the phylogenetic relationships among the major lineages of Psychotria are only partly resolved in this study and continue to be a major challenge.
The Pacifi c Psychotria clade (BPP = 1, Figs. 1A -2A) is predominantly distributed in the Pacifi c (with the exception of New Caledonia, Barrabé et al., 2014 ) , but also found in Thailand, the Indo-Malesian region, New Guinea, and Australia. This group contains more than 340 species ( Barrabé, 2013 ; Barrabé et al., 2014 ) , with a number of Psychotria species from Fiji, Hawaii, and New Guinea ; Andersson, African Chassalia clade, Fig. 3 ), which is sister to a large Chassalia -Geophila clade formed by Geophila sensu stricto and Chassalia sensu stricto. Finally, the Southeast Asian Chassalia sp.-ck25, the East African Chassalia clade, and Geophila sensu stricto are successive sisters to Chassalia sensu stricto, and form a basal grade within a broadly delimited Chassalia (= Chassalia sensu lato, Fig. 3 ( Fig. 3 ) .
Within Psychotrieae, schizocarpous fruits have evolved independently two times from fl eshy, drupaceous fruits: (1) once in the WIOR Psychotria clade, followed by a single reversal back to the drupaceous condition ( Fig. 2C ) ; (2) once in the Australasian Psychotria clade ( Fig. 2D ) . The Cremocarpon clade and Cremocarpon lantzii , which form a basal grade within the WIOR Psychotria clade and are characterized by schizocarpous fruits, are inferred to have ancestors with schizocarpous fruits ( Fig. 2C ) . Within the Australasian Psychotria clade ( Fig. 2D ) , the sampled species of New Caledonian Psychotria with schizocarps constitute a highly supported monophyletic group (BPP = 1).
Finally, all sampled Malagasy leaf-nodulated species of Psychotria form a poorly supported monophyletic group (BPP = 0.77), which is deeply nested within the otherwise African leaf-nodulated Psychotria clade (= the Afro-WIOR Psychotria clade, Fig. 2F ). The only Psychotria species without leaf nodules nested within this clade is the Comorian Psychotria conocarpa . The other leaf-nodulated species studied, Apomuria bullata, is nested in the WIOR Psychotria clade ( Fig. 2C ) .
DISCUSSION
Generic limits and relationships in Psychotrieae -Paraphyly of Psychotria-Before the present study, two circumscriptions of Psychotria had been proposed based on molecular phylogenetic studies Andersson, 2002b ) . Nepokroeff et al. (1999) favored a broadly circumscribed Psychotria including members of the subtribe Hydnophytinae ( Huxley and Jebb, 1991 ) of the tribe Psychotrieae. These authors suggested the exclusion of the neotropical Psychotria subgen. Heteropsychotria and its Psychotria sect. Notopleura , which were shown to be more closely related to the neotropical Palicourea and its allied genera (now formally classifi ed in Palicoureeae) than to Psychotria sensu Nepokroeff et al. (1999) . Andersson (2002b) , however, rejected the broad Psychotria sensu Nepokroeff et al. (1999) and instead proposed a delimitation of the genus that excluded Hydnophytinae and restricted Psychotria to only the members of the Psychotria clades I-IV (these clades correspond to the major lineages shown in Fig. 2D-2G ). Andersson (2002b) formally merged the genera Cremocarpon , Pyragra , and Apomuria in Psychotria . However, no representative from the latter two genera were if the Malagasy G. gerrardii is excluded. This Malagasy plant forms a strongly supported clade with the African Hymenocoleus , and this clade is well separated from Geophila sensu stricto ( Fig. 3 ) . This relationship, although unexpected, is supported by morphological data. Both are creeping stoloniferous herbs that are rooted at nodes, bear 2-6 pairs of leaves on the erect short stems, and have bifi d stipules, bifi d stigmas, and orange (sometimes red or black in Hymenocoleus ) drupaceous fruits. Geophila and Hymenocoleus were separated by Robbrecht (1975 Robbrecht ( , 1977 based on the membranous sheaths inside the stipules of the latter, a feature also lacking in G. gerrardii. Geophila gerrardii and Geophila sensu stricto have isostylous flowers (e.g., Verdcourt, 1976 ; Burger and Taylor, 1993 ; Taylor et al., 2004 ) , while Hymenocoleus has heterodistylous fl owers ( Robbrecht, 1975 ) . Finally, G. gerrardii has orange fruits as opposed to red or black fruits in Geophila sensu stricto. As a consequence, we describe the new genus Puffi a Razafi m. & B.Bremer to accommodate the Malagasy G. gerrardii (see below). This genus is restricted to the littoral forests of southeastern Madagascar, whereas Hymenocoleus is exclusively tropical African.
Paraphyly of Chassalia -Chassalia is a paleotropical genus comprising about 140 species of shrubs and small trees, along with a few lianas, and epiphytes ( Bremekamp, 1962 ; Piesschaert et al., 1999a , b ; Lachenaud and Harris, 2010 ; Lachenaud et al., 2012; Govaerts et al., 2013 ) . There are at least 10 new undescribed species in Madagascar alone, making the WIOR one of the centers of species diversity of Chassalia with about 50% of its species (60 in Madagascar, six on Mauritius, and two species each on Reunion and the Comores). About 45 of the species described are restricted to the African mainland and 29 species to tropical Asia. Only one species is endemic to New Guinea. Chassalia is characterized by its persistent, indurated stipules; fl eshy, brightly colored or white infl orescences axes; slightly curved corollas that are often winged in bud; pyrenes mostly with a large ventral excavation; and large porate or colpate pollen grains ( Bremekamp, 1962 ; Piesschaert et al., 1999a , b ) . Within Palicoureeae, Chassalia has been previously shown to be closely related to Geophila and Hymenocoleus ( Bremer, 1996 ; Andersson and Rova, 1999 ; Nepokroeff et al., 1999 ; . However, only a very limited number of Chassalia species was investigated: one species each by Bremer (1996) , Andersson and Rova (1999) , and Razafi mandimbison et al., 2008 ; three species each by Andersson (2001) and Robbrecht and Manen (2006) ; six species by . Chassalia appeared to be highly polyphyletic in Robbrecht and Manen (2006) , whereas the genus was resolved as monophyletic in (BS = 90; BPP = 1). These conflicting results render the monophyly of Chassalia as currently delimited questionable. Piesschaert (2001) reported four distinct types of pyrenes in Chassalia , raising doubts based on this about the monophyly of the genus.
Chassalia as presently circumscribed is found to be paraphyletic in our analysis with respect to Geophila sensu stricto ( G. gerrardii excluded) (BPP = 1). The Southeast Asian Chassalia sp.-ck25, the East African Chassalia clade, and Geophila sensu stricto, respectively, form a basal grade within what could be considered Chassalia in a broad sense (= Chassalia sensu lato, Fig. 3 ). Geophila sensu stricto is in turn sister to Chassalia sensu stricto (including C. capitata to which the type specimen of Chassalia belongs, Bremekamp, 1962 ) . Therefore, the current circumscription of Chassalia cannot be retained. There are at 2002b ; present study) plus a large number of species in the Pacific in Amaracarpus , Calycosia , Straussia (DC.) A. Gray, Hydnophytum and its allied genera, Dolyanthus , Eumorphanthus A.C.Sm., Hedstromia , and Streblosa Korth. The Indian-Sri Lankan Psychotria clade (BPP = 1, Figs. 1B -2B) comprises one species of Psychotria from India and two species from Sri Lanka, one of them the type of Grumilea (= Psychotria nigra ). It is likely that many species of Psychotria from the Indian subcontinent belong to this group. The WIOR Psychotria clade (BPP = 1, Figs. 1C -2C) contains species from the Malagasy-Comorian Trigonopyren , the Malagasy-Comorian species of Cremocarpon , the Malagasy-Mascarene-Seychelles Psathura , the Malagasy genus Pyragra , the Malagasy, leafnodulated Apomuria bullata , many species of the Malagasy Psychotria , two Seychellois Psychotria species, and one Comorian species of Psychotria . The group contains about 90 species and has its center of species diversity in Madagascar. The Australasian Psychotria clade (BPP = 1, Figs. 1D -2D ) is distributed in the Indo-Malesian region, the Pacifi c islands, and Australia (absent on New Zealand), and contains at least 140 species of erect shrubs and climbers with adventitious roots ( Barrabé, 2013 ) . The Afro-neotropical clade (BPP = 1, Figs. 1E -2E) has its center of species diversity in tropical Africa and the neotropics, but does not include all neotropical species of Psychotria . The Afro-WIOR Psychotria clade or the leafnodulated Psychotria clade (BPP = 1, Figs. 1F -2F) contains all remaining leaf-nodulated species of Psychotria sampled and the non-leaf-nodulated P. conocarpa from the Comores. Finally, the Afro-Asian-WIOR-neotropical Psychotria clade (BPP = 1, Figs. 1G -2G) is resolved in two major groups: a moderately supported group formed by some African, Asian, and neotropical species of Psychotria (including P. asiatica and P. mapourioides ) and a well-supported group containing some Malagasy Psychotria species, one Comorian Psychotria species, and one African Psychotria species. The species in this latter group all have yellow fl owers and are very diverse in Madagascar.
Generic limits and relationships between and within the genera of Palicoureeae -In contrast to Psychotrieae, the current circumscription of Palicoureeae sensu Robbrecht and Manen (2006) that contains eight genera ( Carapichea , Chassalia , Geophila , Hymenocoleus , Margaritopsis , Notopleura , Palicourea , and Rudgea ) has been widely accepted (e.g., Gruber et al., 2008 ; Koehbach et al., 2013 ; Taylor and Gereau, 2013 ) . On the other hand, this study clearly demonstrates that the monophyly and delimitations of these genera need to be rigorously tested with a robust phylogeny of the tribe based on a broadened sampling.
Polyphyly of Geophila-Geophila is a pantropical genus of about 24 species ( Piesschaert et al., 1998 ; Taylor et al., 2004 ; Dessein et al., 2011 ; Govaerts et al., 2013 ) , which is characterized by creeping, stoloniferous, and herbaceous habit; cordate leaves; and red or black drupaceous fruits. Most species are found in tropical Africa and the neotropics; each region contains nine species. Five species occur in tropical Asia and one species, G. gerrardii , is endemic to Madagascar. The generic status of Geophila has never been questioned; however, its monophyly has not previously been tested with molecular data.
The present study investigated seven species of Geophila (including the Malagasy G. gerrardii , and G. repens , represented by three varieties (var. repens , var. comorensis , and var. americana ). Our analyses show that Geophila is monophyletic this lineage can be recognized by the presence of two basal, marginal, preformed germination slits on the ventral side of the pyrene. Therefore, we support the inclusion of Chazaliella in Margaritopsis as done by Andersson (2001) and endorsed by Taylor (2005) and . Andersson (2001) nomenclaturally transferred only the type species of the genera that he synonymized with Margaritopsis. The remaining species of Chazaliella are therefore transferred to Margaritopsis here.
All species of Palicoureeae are regional endemics, with the exception of Geophila repens (L.) I.M.Johnst., which has been considered pantropical. Five varieties of G. repens have been described. Bremekamp (1963) described two of these varieties: Carinta repens var. americana , which is restricted to the neotropics, and Carinta repens var. comorensis , which is confined to the Comores (he considered Geophila synonym of the genus Carinta W.Wight, but Geophila D.Don was conserved [ Hepper, 1960 ] against Carinta ). The remaining three varieties are paleotropical. Bremekamp (1963) and Piesschaert et al. (1999c) found C. repens var. americana distinct from the paleotropical varieties based on fl ower number and carpological data; they questioned the inclusion of this variety within in Geophila repens , but did not recognize it as a separate species.
The neotropical Carinta (= Geophila ) repens var. americana does not group with the paleotropical C. repens var. comorensis and G. repens var. repens in our analyses, but forms a clade with the three sampled neotropical Geophila species. This fi nding supports the exclusion of C. repens var. americana from the paleotropical G. repens (see later under Geophila taxonomy ) and is consistent with Bremekamp (1963) and Piesschaert et al. (1999c) , who suggested its recognition at the species level based on carpological and palynological data. Furthermore, the Comorian C. repens var. comorensis and G. repens var. repens from Madagascar form a strongly monophyletic group, which in turn constitutes a well-supported clade with the African and Pacifi c G. repens var. repens clade. Therefore, the current varietal status of C. repens var. comorensis cannot be maintained.
Evolution of Schizocarpous fruits in
Psychotria -Our results ( Fig. 2C, 2D ) demonstrate that schizocarpous fruits have evolved independently at least two times from ancestors with fl eshy, drupaceous fruits within Psychotrieae, a group that ancestrally has fl eshy drupes ( Fig. 2 ) : once within the WIOR Psychotria clade ( Fig. 2C ) and once in the Australasian Psychotria clade ( Fig. 2D ) . In this latter group, all sampled species of Psychotria with schizocarps are endemic to New Caledonia and form a monophyletic clade (BPP = 1), consistent with the results of Barrabé et al. (2014) . The other species with schizocarpous fruits are members of the mostly Malagasy Cremocarpon clade and the Malagasy clade with only Cremocarpon lantzii , which form a basal grade within the WIOR Psychotria clade; C. lantzii is resolved with high support as sister to a strongly supported group of the mostly Malagasy Psychotria with drupaceous fruits ( Fig. 2C ) . Our fi ndings support Schatz's (2001) hypothesis that considers Cremocarpon and Pyragra to be Psychotria with secondarily dehiscent fruits (schizocarps) evolved from ancestors with fl eshy, drupaceous fruits. Furthermore, our character state reconstruction indicates that the Cremocarpon clade and C. lantzii had ancestors with schizocarpous fruits and suggests a single reversal of schizocarpous fruits back to the drupaceous condition ( Fig. 2 ) . Dissections of mature drupaceous fruits of many of these Malagasy species reveal the presence of Y-shaped vascular bundles along the least two alternatives to render the genus monophyletic. One is to merge Geophila in Chassalia (= Chassalia sensu lato, Fig. 3 ), which would make Chassalia morphologically heterogeneous and therefore diffi cult to circumscribe. Geophila sensu stricto can be recognized by creeping stoloniferous habit rooted at nodes; pyrenes with one central or several adaxial ribs that are straight or twisted; and the absence of preformed germination slits ( Piesschaert et al., 1999c ) on the pyrenes. In contrast, Chassalia is distinct by its arborescent habit (rarely epiphytes or climbers); four distinct types of pyrenes (open type with an open ventral excavation, closed type with a ventral excavation largely covered by the endocarp, fl at type with ventral excavation lacking, and grooved type with two ventral grooves separated by a median crest, Piesschaert, 2001 ) ; and basal median preformed germination slits located at the dorsal side of the pyrene . Another argument against a merger of Geophila in Chassalia is that Geophila is a wellknown genus, fi rmly rooted in the Rubiaceae literature and therefore deserves to retain its current generic status. The second alternative is to circumscribe Chassalia in a narrow sense ( Chassalia sensu stricto), sister to Geophila sensu stricto ( Fig. 3 ) . A consequence of choosing this second alternative is that the Southeast Asian Chassalia sp.-ck25 and the East African Chassalia clade both have to be recognized at the generic level. We fi nd this last scenario more useful, especially if these two latter clades possess distinct features, which would allow them to be recognized from Chassalia sensu stricto. Interestingly, the grooved type of pyrenes and 3-4 porate pollen are so far only known from C. parvifolia and C. subochreata belonging in the Eastern African Chassalia clade ( Fig. 3 ) ; whether the same type of pyrenes and pollen also occur in C. albifolia , C. kenyensis , and C. violacea remains to be seen. Here, we adopt the narrowly delimited Chassalia , which is characterized mostly by the open type of pyrene and 3-4 colpate pollen ( Piesschaert, 2001 ) . All sampled species of Chassalia from the WIOR, tropical Asia (with the exception of Chassalia sp.-ck25), and tropical Africa (with the exceptions of C. albifl ora , C. kenyensis , C. parvifolia , C. subochreata , and C. violacea ) belong to Chassalia sensu stricto. We refrain from proposing new circumscriptions for the East African Chassalia clade and the South East Asian Chassalia lineage (represented by Chassalia sp.ck25), pending further studies (see later under Perspectives ).
Phylogenetic relationships between and within the genera of Palicoureeae-The neotropical genera Carapichea and Margaritopsis are resolved as successive sisters to a well-supported clade formed by the paleotropical Hymenocoleus -Geophila gerrardii clade and Chassalia sensu lato ( Fig. 3 ) . Palicourea sensu lato, the Notopleura-Rudgea clade, Carapichea , all from the neotropics, and the pantropical Margaritopsis sensu lato, respectively, form a basal grade within Palicoureeae. On the other hand, the monophyly of the large clade formed by Margaritopsis sensu lato, the Hymenocoleus-Geophila gerrardii clade, and Chassalia sensu lato is not strongly supported (BPP = 0.94) in our analyses ( Fig. 3 ) .
Our analyses indicate that the African genus Chazaliella as defi ned by Verdcourt (1975 Verdcourt ( , 1977 ( Fig. 3 ) . The Chazaliella-Margaritopsis clade (corresponding to Margaritopsis sensu lato) receives high support in our analyses, and July 2014] Heidstromia ( Barrabé et al., 2014 ) ; and Streblosa ( Andersson and Rova, 1999 ; Lemaire et al., 2012a ) .
To render Geophila monophyletic, we describe the new genus Puffi a Razafi m. & B.Bremer to accommodate the Malagasy Geophila gerrardii ; this genus is named in memory of the Austrian botanist and Rubiaceae specialist Professor Christian Puff, who recently passed away, for his important contributions to the knowledge of the Malagasy Rubiaceae. The inclusion of the African genus Chazaliella ( Verdcourt, 1975 ( Verdcourt, , 1977 in Margaritopsis sensu lato ( Andersson, 2001 ; Taylor, 2005 ; septa, which are morphologically similar to the carpophores of the schizocarps of Cremocarpon and Pyragra . These structures were previously noted by Capuron (1973) in some Malagasy Psychotria species and thus may be generally present in this drupe-bearing group. The Y-shaped vascular bundles of drupaceous fruits apparently do not have all the same functions as the carpophores of the schizocarpous fruits; however, their occurrence in fl eshy, drupaceous fruits seems to corroborate the hypothesis of an evolutionary reversal of schizocarpous fruits back to drupaceous fruits within the WIOR Psychotria clade ( Fig. 2C ) . On the other hand, this latter conclusion is ambiguous based on Fitch (1971) optimization; furthermore, the support for the Cremocarpon clade is low (BPP = 0.88), and thus the monophyly of a group formed by all Malagasy and Comorian Cremocarpon and the Malagasy Pyragra cannot be ruled out.
Origins of the Malagasy leaf-nodulated species of Psychotria - Bremekamp's (1963) postulation that the Malagasy leaf-nodulated species he ( Bremekamp, 1960 ) included in Psychotria may represent a distinct genus is not supported by our analyses. All leaf-nodulated species of Psychotria sampled from Madagascar form a poorly supported group (BPP = 0.77), which is deeply nested within the otherwise African nodulated Psychotria clade (= the Afro-WIOR Psychotria clade, Fig. 2F ). Two independent origins of the Malagasy leaf-nodulated species of Psychotria are supported by our results. The Malagasy leaf-nodulated Apomuria bullata (= Psychotria armandii Razafi m. & B.Bremer, present study) is nested in the non-leafnodulated Psychotria WIOR clade ( Fig. 2C ) . Thus, our analysis rejects a single origin of the leaf-nodulated species of Psychotria , inconsistent with Andersson (2002b) and Lemaire et al. (2012a) . Our results indicate an African origin of the Malagasy leaf-nodulated species of Psychotria recognized by Bremekamp (1960) , with a single long-distance dispersal event from Africa to Madagascar. In contrast, the Malagasy A. bullata appears to have evolved from a non-leaf-nodulated ancestor from Madagascar. Furthermore, the Comorian, leaf-nodulated Apomuria punctata and the Eastern African A. punctata form a poorly supported clade, which is deeply nested within the otherwise African leaf-nodulated Psychotria clade ( Fig. 2F ) ; therefore, the Comorian A. punctata seems to have reached the Comores from East Africa. The placement of the Comorian non-leaf-nodulated Psychotria conocarpa in the otherwise leafnodulated Psychotria clade ( Fig. 2F ) indicates that there has been at least one secondary loss of bacterial nodules.
Taxonomic treatments -The results of this study have taxonomic implications for the infratribal classifi cations of the sister tribes Psychotrieae and Palicoureeae. Adoption of the broad circumscription of Psychotria as defi ned in this study requires the formal transfer of the species of the WIOR genera Apomuria , Cremocarpon , Psathura , Pyragra , and Trigonopyren to Psychotria . In total, we present 13 new combinations, 25 new names, and two lectotypifi cations in Psychotria . The inclusion of the following genera in Psychotria as defi ned here has been supported by previous molecular phylogenetic studies and/or this study: Camptopus ( Barrabé et al., 2014 ; this study); Hydnophytum and its allied genera Andersson, 2002b ) ; Straussia Andersson, 2002b ) ; Amaracarpus , Calycosia , Dolianthus Andersson, 2002b ; Barrabé et al., 2014 , this Creeping, stoloniferous herbs with 2 pairs of leaves on the fl owering stem, rooted at nodes, entirely pubescent. Leaves petiolate, dark green and glabrous above, brownish and pubescent underneath, secondary veins less prominent above and more prominent below; stipules simple, deltoid and shallowly bifi d, green and glabrous on both sides. Infl orescence terminal, capitate formed by 5-7 flowers, subtended by involucral bracts. Flowers 4-6-merous, actinomorphic, white, isostylous; calyx green; corolla white; style exserted, white; stigma bifi d, white; anthers included. Fruits globose, fl eshy, drupaceous, orange when fully mature. Pyrenes verrucate, 6-costate.
Diagnostic characters. Puffi a is distinct from Geophila sensu stricto by its orange fruits. It differs from the African genus Hymenocoleus in having isostylous fl owers, verrucate and sightly ribbed pyrenes (instead of heterodistylous and with smooth pyrenes; Robbrecht, 1975 Robbrecht, , 1977 . The persistent, membranous sheaths lying inside the stipules, a potential morphological synapomorphy of the latter, are absent in the former. Furthermore, Puffi a is confi ned to southeastern Madagascar, while Hymenocoleus is restricted to tropical Africa.
Number of species: one. For a detailed description, see Baker (1887) and Bremekamp (1963) .
Distribution and habitat. Puffi a gerrardii is restricted to the littoral forests of southeastern Madagascar between the Masoala National Park (District Maroantsetra, Region Atsinanana, Province Toamasina) and the Manombo National Park (District Farafangana, Region Atsimo-Atsinanana, Province Fianarantsoa). The species also occurs on the Island of Nosy Mangabe (National Park of Nosy Mangabe). Notes. Rondeletia repens L. was originally described based on two specimens, one from Jamaica and one from India. Bremekamp (1963) considered the type to be from India, but did not formally designate a lectotype. Later, Howard (1989) did designate a lectotype, and he chose the Jamaican plant. Thus, the name Geophila repens correctly applies to the neotropical plants.
New combinations in Margaritopsis-
This situation has been confused taxonomically for some time. One of these confusions was that Bremekamp recognized some varieties of Geophila repens (as Carinta repens ) and treated var. repens (incorrectly) to include the paleotropical plants and var. americana (incorrectly) to include the neotropical plants. His var. repens is however typifi ed by the Jamaican lectotype specimen and thus actually includes to the neotropical plants. Bremekamp's var. americana was not described as a new variety but was based on a previously described name, Psychotria herbacea Jacq., and Bremekamp seems not to have noticed that Jacquin's name was based on and is thus typifi ed by an illustration and description by Rheede in Rheede Hort. Mal. 10: 41, t. 21 (1689) , which is based on a plant from India. Thus, Bremekamp's var. americana actually applies to the paleotropical plants.
The name Psychotria herbacea Jacq. does apply to the paleotropical plants that have been included in Geophila repens , coupled with morphological, palynological, and carpological studies of the members of these two clades. Finally, the new phylogeny of the sister tribes Psychotrieae and Palicoureeae reveals some interesting biogeographic patterns, which we will test using a broadened sampling of the Psychotrieae alliance. however this is not the same species as Geophila herbacea K.Schum., so Jacquin's name cannot now be transferred into Geophila ; unfortunately, Schumann's name was a replacement name for Rondeletia repens L., so it is an illegitimate superfl uous later name for Geophila repens , which has also generated taxonomic confusion in this group. The oldest validly published name for the paleotropical plants that have been included in Geophila repens appears to be Geophila unifl ora Hiern, which is here adopted as the accepted name; further study of Geophila in southeast Asia may show that an earlier name exists but is outside the scope of this present work.
CONCLUSIONS
A broadly circumscribed Psychotria that includes all its allied genera is proposed, rendering the tribe Psychotrieae monogeneric. In Palicoureeae, the new genus Puffi a is decribed to accommodate the Malagasy Geophila gerrardii that is more closely related to the African genus Hymenocoleus than to Geophila sensus stricto. Geophila repens is now exclusively neotropical with no varieties recognized and the accepted name for the paleotropical plants of Geophila repens is Geophila unifl ora . Chassalia is paraphyletic with respect to Geophila sensu stricto, and we propose a narrow circumscription of Chassalia that excludes the Eastern African Chassalia clade and the Southeast Asian Chassalia clade (represented by Chassalia sp.-ck25), successive sisters to the clade formed by Geophila sensu stricto and Chassalia sensu stricto. Schizocarpous fruits evolved independently two times from drupaceous fruits within the broadly circumscribed Psychotria and we report one reversal back to the drupaceous condition in the WIOR Psychotria clade. Finally, two independent origins of the bacterial-nodulated Psychotria are inferred. The Malagasy leaf-nodulated species of Psychotria recognized by Bremekamp (1960) evolved from a single leaf-nodulated ancestor from mainland Africa, while the Malagasy leaf-nodulated Apomuria bullata (now Psychotria armandii Razafi m. & B.Bremer) evolved from a non-leaf-nodulated ancestor from Madagascar. One secondary loss of leaf nodules within the African-WIOR leaf-nodulated Psychotria clade is reported.
PERSPECTIVES
The results of the molecular phylogenetic analyses presented in this study allow us to establish improved classifi cations of the sister tribes Psychotrieae and Palicoureeae. This study, coupled with the results of previous molecular studies, demonstrates that the genera Amaracarpus , Calycosia , Dolianthus , Heidstromia , Hydnophytum and its allied genera, and Streblosa all belong to this broadly delimited Psychotria , and therefore should formally be transferred to the latter genus. The phylogenetic relationships between the seven major lineages of Psychotria identifi ed are only partly resolved. We hope to investigate more species of Psychotrieae and Palicoureeae from the Indian subcontinent (especially the Western Ghats, a hill range along the west coast of India, and Sri Lanka), continental Asia (in particular Thailand), Southeast Asia (particularly the Indonesian-Malesian region), which are poorly represented in our analyses. Also, a much broader sampling of Chassalia from tropical Asia (especially the Indonesian-Malesian region), tropical Africa (particularly Southern and Eastern Africa) is needed before we can formally circumscribe the Eastern African Chassalia clade and the Southeast Asian Chassalia clade excluded from Chassalia . This should be
